Abstract-This paper proposes a particle swarm-based terminal sliding mode control with grey predictor, and then the proposed controller is applied for the single-phase inverter of the electric vehicle. The proposed controller has the advantages of terminal sliding mode control (TSMC), grey predictor (GP), and particle swarm optimization (PSO). The TSMC can force the system tracking error to converge to zero in finite time, but the chattering and steady-state errors still happen. The GP is thus employed to lessen the chattering or reduce the steady-state errors when system uncertainty bounds are overestimated or underestimated. Also, the control gains of the TSMC with GP can optimally be tuned by the use of the PSO for achieving more precise tracking. Experimental results on a single-phase inverter laboratory prototype controlled by a digital-based controller are given to conform that the proposed controller can lead to low total harmonic distortion (THD) and fast dynamic response under rectifier-type loading conditions and fast dynamic response under step change loading conditions.  Index Terms-terminal sliding mode control (TSMC), grey predictor (GP), particle swarm optimization (PSO), singlephase inverter, total harmonic distortion (THD)
I. INTRODUCTION
Single-Phase inverters have been widely adopted in electric vehicle (EV) motor drives. The constraint of low harmonic distortion, fast dynamic response and reduced steady-state errors in the output voltage of an EV singlephase inverter system when feeding large parametric variations or highly nonlinear loading are the challenging issues, which have motivated the development of a variety of different approaches [1] . Generally speaking, the proportional integral (PI) controller is usually used. However, when the system using PI controller under the case of a variable loading rather than the nominal ones, cannot achieve fast and stable output voltage response [2] , [3] . Several control solutions derived for inverter systems are also published in the literature, such as multi-loop control, deadbeat control, repetitive control, and so on [4] - [6] . Studied in [7] , [8] have revealed that sliding mode control (SMC) is a popular technique for robust Manuscript received May 7, 2015 ; revised August 5, 2015. tracking control, because it has many good characteristics, such as insensitivity to internal parameter variations, external disturbance rejection, and fast dynamic response. The SMC of the inverters can be found in various publications [9] - [13] . As above-mentioned these, linear sliding surface is used, and thus the system tracking error asymptotically converges to zero. A new kind of sliding mode control technique called terminal sliding mode control (TSMC), which uses the nonlinear sliding surface, is developed instead of the linear sliding surface. With the nonlinear sliding surface, the TSMC not only has the system to be invariant on the sliding surface but also enforces the system states to the origin in finite reaching time [14] - [16] . However, the chattering is a major problem of the SMC in the practical realization. The chattering may excite unmodeled high-frequency plant dynamics, even cause unstable system. Though some methods have tried to overcome the chattering, they spend much time, and need complex computations [17] , [18] . The grey predictor (GP) is presented by Deng., and many applications in a variety of fields have been developed [19] . The grey model is constructed based on first-order differential equation, and used some hypothesis and mathematical approximation to transfer a continuous form into discrete form. Such a transformation encounters certain unconquerable problems, such as the limited sampling frequency, sample/hold effects and discretization errors. Using difference equation replaces differential equation to construct grey model is thus a reasonable and precise manner [20] , [21] . This paper employs a mathematically simple and computationally efficient difference GP to lessen the chattering or steady-state errors when the system uncertainty bounds are overestimated or underestimated. The GP requires only several output data to attain a grey model and to forecast a future value without complex computations. Also, particle swarm optimization (PSO) is a kind of good evolutionary algorithm, and has been used to many areas of science and engineering [22] - [24] . For obtaining more precision tracking control, the PSO is used to optimally tune control gains of the TSMC with GP. By combining TSMC, GP, and PSO, the proposed controller can yield a closed-loop single-phase inverter with low THD, fast dynamic response, chattering alleviation, and steady-state errors reduction under different types of loading. Experiments are finally shown to validate the performance of the proposed controller. Fig. 1 shows the block diagram of a mainly used single-phase inverter, which is composed of an LC filter and switching component with MOSFET transistors. The LC filter and connected loading are regarded as the plant of a closed-loop digital system to be controlled. The loading can be any types: resistive load or step load change with linear resistive load or full-wave diode rectifier load followed by an electrolytic capacitor in parallel with a load resistor. According to KVL and KCL, the dynamics of the inverter (as shown in Fig. 1 ) can be expressed as:
II. DYNAMIC MODEL OF SINGLE-PHASE INVERTER
V is the DC supply voltage, ) (t u is the control input of the system, which can take the following discrete values: -1, 0, and 1, depending on the state of the pair of switches.
Substituting (2) into (1), the differential equation obtains:
and then (3) is rewritten in the following forms:
where
. In real-time realization, the system is sampled with a sampling period s T and is controlled by a discrete-time controller. The corresponding discrete-time equations of (4) and (5) can be obtained as:
Let the sinusoidal reference vector be:
where p V and  are the peak voltage and the angular frequency of the sinusoidal reference output voltage, respectively.
The final goal is to drive the output ) (k x to be a
. So the system tracking error
can be defined as:
Substituting (6) and (8) into (9), the discrete-time state equation of the error yields:
Obviously, the control signal ) (k u in (10) must be designed well to force the error to zero in finite time, and thus the control design is described in next section.
III. CONTROL DESIGN

A. Terminal Sliding Mode Control (TSMC)
The nonlinear sliding surface is designed as: 
The control law ) (k u consists of two parts: the equivalent control eq u , and the switching control sw u ,
The equivalent control is used to confirm the performance of the closed-loop nominal system tha, i.e., substituting (10) into (12) , and taking only the nominal term, eq u is obtained as:
The condition for a TSMC system to guarantee both sliding action and convergence onto the sliding surface is:
Then, the (15) can be decomposed as:
Substituting (10) to (14) into (16) and (17), the switching control sw u guarantees that system trajectory will reach and sustain in the sliding mode subject to system uncertainties; thus sw u can be obtained as:
B. Grey Predictor (GP)
The primary concept of the grey system is to build an approximation model of the unknown or partially known system. By using the accumulated generating operation (AGO) and the measurable original data, the grey modeling process can be described below.
Step 1: Collect the original sample data sequence.
Step 2: Mapping generating operation (MGO). The data sequence of the system may be positive or negative. The negative data is mapped to the relative positive data by the use of the MGO.
where bias is a constant.
Step 3: Take Accumulated generating operation (AGO)
Step 4: Construct the difference equation model. The linear difference equation GP model is established as: (22) where M and N are the coefficients of the difference equation GP model that requires estimating their values.
The (22) is rewritten as the following matrix form:
and (23) will be: 
Suppose: 
 
Then, the solution of (24) needs to be found.
, the following equation can be obtained:
The roots to satisfy (26) are given as:
Thus, there are three cases for (27) as follows:
2) 2 1    ; 3) 1  and 2  are complex conjugate.
Step 5: Take Inverse accumulated generating operation (IAGO).
Step 6: Inverse mapping generating operation (IMGO). 
C. TSMC with GP
To lessen the chattering problem or steady-state errors, a terminal sliding mode control with GP is derived. The control law of (13) is modified as:
where the added compensation component is the grey prediction control, gy u that is utilized to lessen the chattering or reduce steady-state errors.  is the system boundary. The control law (31) implies that ) sgn( is a signum function and it requires infinite switching frequency in the theory, to maintain the system states on the sliding surface. However, infinite switching frequency cannot be implemented while the control law is 
D. Particle Swarm Optimization (PSO) Optimally
Tuning Control Gains of TSMC with GP The PSO expressed in (33) and (34) is employed to optimally tune the control gains of the TSMC with GP. The (33) and (34) display the evolution models of a particle and then the speed and position of each particle can be updated when flying toward destination. Step 1: Defining the number of particles, and initializing their initial speeds and positions.
Step 2: Calculate the fitness of each particle by the use of the (35). Step 3: For each particle, comparing its fitness with its present best fitness. When the former is better than the later, its present best fitness and best position are updated by its fitness and present position, respectively.
Step 4: For each particle, comparing its fitness with the global best fitness of the swarm. When the former is better than the later, the global best fitness and global best position are updated by the former and the best position of the being compared particle, respectively.
Step 5: Updating the position and speed of each particle by the use of the (33) and (34).
Step 6: Doing step 2 to step 6 until terminal condition is finished.
IV. EXPERIMENTAL RESULTS
To test the performance and robustness of the proposed controller, experimental results of the proposed controller are compared with those obtained using the conventional SMC. The system parameters of the single-phase inverter are given in Table I . To verify the algorithm under dynamic conditions, step load change with linear resistive load (from no load to full load at 90 0 ) is investigated. The waveforms obtained using the proposed controller and the conventional SMC, are shown in Fig. 2 and Fig. 3 , respectively. The results represent that the output voltage drop has significant improvement with the proposed controller. The experimental results of the inverter under rectifier-type loading, consisting of a full wave rectified with a parallel resistor, 45  , and capacitor filter, 200μF, using the proposed controller and conventional SMC are shown in Fig. 4 and Fig. 5 , respectively. The figures indicate that the output voltage of the proposed controlled inverter has lower voltage distortion than that of the conventional sliding mode controlled inverter. Thus, the proposed controller is capable of fulfilling a good steady-state and dynamic response, and shows significant improvement in reducing the THD of the output voltage under rectifiertype loading condition. The output voltage exhibits a low %THD of 1.66%, with the proposed controller and a high %THD of 8.21% with conventional SMC. 
V. CONCLUSIONS
A PSO-based TSMC with GP for designing singlephase inverters to reject system uncertainties is proposed in this paper. Different from the conventional SMC, the TSMC can drive the system tracking error to reach the original point within finite time to achieve high precision control. The GP aims to lessen the chattering or to reduce steady-state errors, which is produced by TSMC when the system uncertainty bounds are overestimated or underestimated. Moreover, by the use of the PSO, the control gains of the TSMC with GP can be optimally tuned. Experimental results show that low total harmonic distortion, fast dynamic response, chattering alleviation, and less steady-state error are achieved in the proposed controlled single-phase inverter under various loading. 
